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A study of the ground states and ionization energies of 
H2, C2, N2, F2, and CO molecules by the variational 
cellular methoda) 
Luiz M. Brescansin,b) J. R. Leite, and L. G. Ferreira 
Instituto de F[sica. Universidade de Sao Paulo. Caixa Postal 20516. Sao Paulo. Brasil 
(Received 3 July 1979; accepted 29 August 1979) 
Self-consistent calculations for the ground state potential curves and ionization energies are reported for 
the molecules H2• C2, N2• F2• and CO. using the recent proposed variational cellular method. For all these 
molecules the results are quite good. The calculated binding energies, equilibrium interatomic distances. 
and energy ionization spectra are in excellent agreement with the available experimental findings. 
I. INTRODUCTION 
A new approach for solving the self-consistent-field 
problem for molecules and crystals, recently pro-
posed, 1,2 is applied to calculate the electronic structure 
of H2 and some first-row diatomic molecules. The 
starting point of the theory goes back to the Wigner-
Seitz-Slater cellular method, 3,4 where the solution of 
the boundary condition problem is reformulated varia-
tionally. The first major virtue of the cellular theory 
is the removal of the muffin-tin approximation, inherent 
to the Augmented-Plane-Waves (APW) and Kohn-Kor-
ringa-Rostoker6 (KKR) methods for crystals, and to 
the Multiple-Scattering-Xa (MS-Xa) theory7 for mole-
cules or atomic clusters. The second major virtue is 
the arbitrary partition of the molecular or crystal space, 
which makes the method suitable to deal with a wide 
range of systems. However, the old cellular method 
shows severe convergence problems. 8 The main idea 
behind the Variational Cellular Method (VCM), discussed 
in this paper, is the removal of this drawback without 
loosing the flexibility of the original theory. 
The aim of this work is to present the results of an 
exploratory application of VCM. The diatomic mole-
cules chosen for this study are well-suited as a test 
of the method, due to the small number of orbitals in-
volved in the bonding and the closed shell configuration 
of the ground state. Indeed, they are open systems in 
which the nonmuffin-tin corrections to the molecular po-
tential are expected to be large. It is well recognized 
that the muffin-tin approximation leads to unphysical 
potential curves in these systems. 9 On the other hand, 
it is shown that VCM permits accurate computations of 
the total molecular energy. The method leads to cal-
culated binding energy and bond length values in good 
agreement with experiment and with ab initio calcula-
tions. The theoretical ionization spectrum of each 
molecule was computed by considering the total energy 
differences between the neutral and ionized systems. 
The results are in fairly good agreement with the cor-
responding measured ESCA spectra. 
A brief review of the theoretical formulation of VCM 
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is given in Sec. II of this paper. The basic equations 
of the method are presented, along with the prescriptions 
adopted to partition the molecular space into cells. The 
calculated molecular potential curves and one-electron 
ionization energies are presented and compared with 
other calculations and with experiment in Sec. ffi. The 
main conclusions are the object of Sec. N. 
II. THE VARIATIONAL CELLULAR METHOD 
A. Theory 
The basic idea of the cellular method is well-known 
since the classic studies of metallic sodium performed 
by Wigner and Seitz3 and shortly thereafter by Slater. 4 
Various forms of Slater's cellular method have been 
applied to calculate the electronic structure of solids. 
These works and their relationship to other band-struc-
ture calculations have been the object of two recent re-
view papers_ 10,11 Recently the method has been taken as 
a starting point for new schemes to calculate electronic 
structures of molecules and crystals. 12-16 
The theoretical framework of the cellular method has 
been discussed by many authors (see, for example, 
Refs. 10 and 11). The crystal or molecular space is 
divided into space-filling cells, and the potential is 
approximated by the spherical average of the spatial 
superposition of atomic potentials, within each cell. In 
this paper we will confine our attention to spherical 
cellular potentials. Although the nonspherical parts 
of the potential can be incorporated in the method in a 
straightforward way, 17 we can adopt the procedure of 
using interstitial cells to improve the spherical average 
approach. 8,17 Within the atomic or interstitial cell i, 




:\ specifies the angular momentum pair (1, m), and R:O 
is a solution of the radial Schrodinger equation for the 
energy €o, regular at the center of the cell i. 
According to the formulation of VCM, 1,2 the follow-
ing variational expression for the energy eigenvalue € 
is used to determine the coefficients AI). 
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~ J d01/lH,E = L;fd0 1/lt<-V2 +V)1/I, 
+ ~ L: f dS (1/1, -1/IJ) (an1/l1- an1/l1' 
slJ 
+~ L:J dS(1/I1 +1jJ1)(8 n1/lJ +8n1fi , ) , 
SIJ 
(2) 
where the symbols are explained in Ref. 2. 
Imposing the condition that the variation of the energy 
E is null, the following secular equations are determined 
(3) 
where the matrix H is 
(4) 
H is a Hermitean square matrix where the diagonal 
elements are all nUll. H is evaluated by performing 
surface integrations along the cell boundaries. Since 
this matrix is parametrized in terms of the one-particle 
energy eigenvalue, the. eigensolutions of the VCM prob-
lem are found by searching for the zeros of the deter-
minant associated to Eq. (3). 
In previous works two of us show how self-consistency 
can be implemented in the method2 and how the potential 
for the SchrBdinger equation and the molecular total 
energy can be properly defined. 18 The exchange and 
correlation effects are taken into account within the 
framework of the Slater XCi approximation. 19 One"im-
portant feature of VCM is the elimination of the muffin-
tin approximation. Therefore, we are interested in com-
paring our results with those obtained through the MS-
XCi method, both in their standard form20,21 or in the 
versions which include nonmuffin-tin corrections. 9,22 
Thus, we are neither concerned with the accuracy of 
the XCi description of the electron interaction,32 nor 
with the use of more elaborate descriptions of the local 
apprOXimation to the exchange-correlation effects. 24,25 
B. Cell construction for diatomic molecules 
Although it is a common practice in the cellular 
method to consider a crystal decomposed into Wig-
ner-Seitz space-filling atomic or interstitial polyhedra, 
the cells in general can have arbitrary shapes. This 
freedom one has in the cell construction is an important 
asset of the method. By choosing the cells according 
to the symmetry of each system, one can span the whole 
space with nonoverlapping cells, inside of which the 
potential is spherically symmetric, and can obtain a 
realistic description of the true potential. 
In Fig. 1 the partitioning of the molecular space 
for a diatomic molecule is schematically shown. The 
two atomic cells are two calottes not necessarily cen-
tered at the nuclei and have a plane surface of contact. 
The dots are the nucleus sites. The outer cell ex-
tends from the atomic cells to infinity. The dashed 
lines denote inscribed spheres drawn in each cell. 
For each trial value Eo, the inward and outward nu-
/' 
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FIG. 1. Construction of the cells used in the calculation for 
diatomic molecules. The dots are the nucleus sites. The cell 
surfaces are two calottes, not necessarily centered at the 
nuclei, and one plane. 
merical integrations of the radial SchrBdinger equation 
are performed for the atomic and outer cells, respec-
tively. The surface integrations in Eq. (4) are per-
formed according to the usual procedure of numerical 
integration, where the integrand is evaluated at a finite 
number of points and summed with appropriate weight 
factors. The points Xl and X2 of the calottes were 
chosen so that (see Fig. 1) 
Xl == 2a1 
X2 ==2a2 • 
We are now free to vary the positions of the plane and 
the parameter p in order to make the molecular energy 
extreme. In the case of homonuclear molecules the 
plane is placed at the middle of the segment joining the 
nuclei. Therefore p is the only cell parameter that 
can be changed. 
N2 was the only case where we performed a study of 
the molecular total energy as a function of the cell pa-
rameter p. The calculations were done assuming that 
the constant values of the averaged charge density out-
side the inscribed spheres are dependent on the cell. 18 
The results of this study are shown in the next section. 
For other molecules we fixed the value of p by choosing 
an outer cell bounded by one single spherical surface. 
Thus, the outer cell was constructed according to the 
prescription used in the MS-Xo: method. For CO the 
plane was located in such a way that the internuclear 
distance was divided proportionally to the covalent 
radii of the atoms. 
The same value 0.75 was assumed for the exchange-
correlation parameter in all three cells of each mole-
cule. This value is slightly different from the atomic 
Hartree-Fock values calculated by Schwarz. 26 How-
ever, the modifications in the calculated results intro-
duced by the use of more accurate value of 0: are mean-
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ingless within the context of this work. H2 was the only 
case where a more accurate value of a was considered. 
0.776, according to spin-polarized calculations. 23 The 
calculations reported in this work do not take into ac-
count the spin-polarization effects. The effects of the 
spin alignments are considered small-near equilibrium. 
III. POTENTIAL CURVES 
In this section we show the results of the VCM self-
consistent calculations for H2, Ca, Na, Fa, and CO 
molecules. We are mainly interested in obtaining the 
ground state potential curves and therefore in the low-
est energy dissociation limit. 
A. Results for N2 
In the ground state, Na has a molecular closed shell 
configuration with paired spins (1<J,. )a(1<JY(2<J, )a(2<Ju)a 
x (l7ru)4(3a,.)2. According to Hartree-Fock calculations,a7 
this molecule dissociates in two neutral atoms at in-
finite separation with total energy equal to - 217. 60 Ry. 
The binding energy of Na as a function of the interatomic 
distance is shown in Fig. 2. In this figure, the origin 
of the energy scale coincides with the atomic dissocia-
tion limit energy. For comparison, the results of non-
spin -polarized MS-Xa calculation, labeled as MS20 and 
of a nonmuffin-tin MS-Xa calculations, labeled as 
MS-NMT9, are also shown. Our results (VCM) were 
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FIG. 2. Binding energy (eV) of N2 as a function of the inter-
atomic distance. MS refers to a standard MS-XQ calculation 
(Ref. 20), MS-NMT refers to the MS-XQ nonrouffin-tin results 
(Ref. 9) and VCM refers to the Variational Cellular Method cal-
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FIG. 3. Binding energy (eV) of N2 as a function of the cell 
geometric parameter p. calculated by the VCM method. The 
arrow indicated the minimum of the energy curve. 
cells (see Fig. 1), assuming that the atomic cells are 
equal and x = p = 2a, where 2a is the interatomic dis-
tance. The computations were performed using bases 
up to lmax = 3 in the atomic ce lls and lmax = 4 in the ex-
ternal cell, where lmax means the maximum value of 
the spherical harmonic orbital quantum number in the 
cellular expansion given by Eq. (1). 
From Fig. 2 it is seen that VCM leads to a ground 
state potential curve which displays a minimum at 
2.10 ao very close to the experimental bond length, 
2.07 ao, a8 but the calculated binding energy (5.10 eV) 
at the minimum results to be rather smaller than the 
experimental value, 9.91 eV. a8 In order to obtain a 
more accurate value for the binding energy of Nz, we 
performed a study of the molecular total energy as a 
function of the cell parameter p (see Fig. 1). In this 
study the atomic cells were supposed to be equal with 
x = 2a = 2.10 ao and the calculations were carried out 
by assuming that the constant values of the averaged 
charge density outside the inscribed spheres are de-
pendent on the cell. 18 
From Fig. 3, where the results are shown, one sees 
that the binding energy as a function of p has an ex-
treme. It is a minimum at p = 1. 45 ao and corresponds 
to a dissociation energy of 9.13 eV, quite close to the 
experimental value of 9.91 eV. 28 The curve labelled 
as VCM optimized in Fig. 2 completes our investiga-
tion on Nz• It shows the binding energy as a function 
of the interatomic distance close to the equilibrium 
pOSition, calculated using the fixed relation pix = O. 7, 
that is, the cells have the same shape as that which 
yields the energy extreme in Fig. 3. The bond length 
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, F'J! and CO 
TABLE 1. Bond lengths and dissociation energies for H2, C2, 
N2, F2, and CO molecules. 
Re (a.u.) De (eV) 
Molecule VCMa MS-NMT' Expt. VCMa MS-NMT' Expt. 
H, 1. 19 1. 41 1. 40' 4.43 3.51 4.75' 
C, 2.35 2.47 2.35d 4.53 3.77 6.36d 
N, 2.10 2.20 2.07' 9.13 7.71 9.91' 
F, 2.64 2.68' 2.36 1. 66' 
CO 2.27 2.43 2.13" 12.9 5.33 11. 2" 
"VCM entries were calculated by fitting a parabola to the three 
points closest to the equilibrium. 
~eference 9. 





and the dissociation energy for the ground state of Nz 
calculated by the VCM method are listed in Table I, 
along with the results for other molecules that will be 
described below. Some recent theoretical predictions 
and the experimental results are also shown for com-
parison. MS-NMT refers to the calculation carried out 
by Danese with the MS-XO' method,9 including correc-
tions in the nonmuffin-tin charge density, namely linear 
and second order corrections in the charge density. 
Sambe and Felton recentlyZ9 performed calculations of 
bond lengths for some diatomic molecules using the 
LCAO-X 0' method and found Re = 2.07 ao for Nz. The 
so called Intersecting Sphere Model developed recently 
by Antoci et al. 14 was also applied to calculate the po-
tential curve of this molecule. It leads to the results 
Re =2. 34 ao and De =8.46 eV, this last value taken in 
respect to the spin-restricted dissociation limit. More 
recently, Gunnarsson et al. 30 solved self-consistently 
the denSity functional equations of Hohenberg, Kohn, and 
Sham (HKS) for Simple first-row diatomic molecules. 
For Nz, their results lead to De = 7.8 eV and Re = 2.16 ao. 
As it can be seen, the VCM results are so good or even 
better than the up to now best theoretical predictions. 
B. Results for H2, C:z, F2, and CO 
In the ground state the Hz mOlecule has paired spins 
in a molecular closed shell configuration (1O')z. The 
molecule dissociates in two neutral H atoms at infinite 
separation with total energy equal to - 2. 0 Ry. In Fig. 
4 we show the binding energy of Hz as a function of the 
interatomic distance. In our calculations the atomic 
cells were equal and the cell parameters used (see Fig. 
1) were: x=p=2a, where 2a is the interatomic distance. 
We included up to 1roD. = 2 in the basis sets used in these 
calculations. 
The VCM curve of Hz in Fig. 4 shows a minimum at 
R = 1. 19 ao, which corresponds to a binding energy of 
4.43 eV. For comparison, the MS-NMT results9 are 
also shown. It is seen from this figure that the MS-NMT 
method predicts a bond length closer to the exact 
value, 31 1. 40 ao, than the VCM method does, but the 
binding energy calculated by the VCM method is in 
very good agreement with the exact one, 31 4.75 eV. 
We actually do not have a satisfactory explanation why 
the binding energy curve of Hz displays a minimum 
rather apart from the experimental value of the bond 
length. This explanation may lie in the fact that low 
density state systems, like Hz, are poorly described 
by the assumption of a local description of the ex-
change potential term. Furthermore the value of the 
0' parameter used in our calculation corresponds to a 
spin-polarized version of XO' method, but when the 
molecule is formed the spin-polarization effect is often 
decreased, resulting in a reduction of the importance 
of the exchange. But at the same time there may be 
strong correlation effects, that are quantitatively very 
Significant in a molecular conformation. The calcu-
lated bond lengths and dissociation energies of Hz 
are also in Table 1. 
For the Cz molecule the electronic structure studied 
herein is (1O',)Z(lO'Y(2O',.)Z(2O'u)Z(l7ru )4 1~; with paired 
spins in a molecular closed shell configuration. The 
molecule dissociates into two neutral atoms at infinite 
separation with Hartree-Fock total energy -150.7544 
Ry.27 The free carbon atom in its lowest energy state 
is an open shell system which has a 4S configuration. 
In Fig. 5 it is shown the binding energy of C2 as a func-
tion of interatomic distance. De, as usual, is the dif-
ference between the total VCM energy and the atomic 
dissociation limit energy. The results of a MS-NMT9 
calculation are also shown in Fig. 5. In our calcula-
tions the Cz molecule is partitioned into three cells 
and it is assumed that the atomic cells are equal and 
x=p,..2a, the interatomic distance. We used basis up 
to lmax = 3 in the atomic cells and lmax = 4 in the external 
LlO 1.20 l30 1.40 1.50 tOO 
R(o.u.) 
FIG. 4. Binding energy (eVl of H2 as a function of the inter-
atomic distance. MS-NMT and VCM have the same meaning as 
in Fig. 2. The arrow indicates the minimum of the VCM curve. 
J. Chern. Phys., Vol. 71, No. 12, 15 December 1979 
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
143.106.108.134 On: Fri, 26 Jun 2015 10:57:07
Brescansin, Leite, and Ferreira: Ionization energies of ~, C2 , N2 , F 2' and CO 
4927 
cell. From Fig. 5 it is seen that the VCM potential 
curve shows a minimum at R = 2. 35 ao, which coincides 
with the experimental value. 32 This bond length gives 
a binding energy of 4.53 eV. The experimental binding 
energy is 6.36 eV. 32 It is seen that even with this 
cellular conformation (x = p) the VCM results are better 
than the MS-NMT results. We could have improved 
our results further by varying the cell parameter p and 
searching for the extremum of energy. The bond length 
and dissociation energy of C2 are also shown in Table I. 
It is worth mentioning for comparison that the best 
ab initio CI calculation performed by Fougere and Nes-
bet leads to the values, Re=2.5625ao andDe=5.39 eV.33 
The ground state of F2 is (1a,)2(1aY(2a,.)2(2au)2(3a,Y 
x (llru)4 (11r,.)\ with paired spins in a molecular closed 
shell configuration. Two neutral F atoms infinitely 
apart have Hartree-Fock total energy - 397.63716 Ry.27 
The geometric parameters used in the F 2 calculations 
(e. g., the cellular conformation x = p) and the basis 
sets for the wavefunction expansion are essentially the 
same as in the case of the N2 molecule. The VCM 
binding energy curve for F2 is shown in Fig. 6. Also 
in this figure, the results of a nonspin-polarized 
MS-Xa calculation, 20 referred as MS, are shown. The 
VCM method leads to a minimum at R = 2.64 ao, which 
is very close to the experimental bond length, 2.68 ao. 34 
This minimum point corresponds to a binding energy 
of 2.36 eV, comparable to the experimental dissociation 
energy of 1.66 eVe 34 Recently, through the application 
of the Intersecting Sphere Model, Antoci and Barino14 
found an equilibrium separation of 3. 2 ao and a binding 
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FIG. 5. Binding energy (eV) of C2 as a function of the inter-
atomic distance. MS-NMT and VCM have the same meaning 
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FIG. 6. Binding energy (eV) of F2 as a function of the inter-
atomic distance. VCM refers to the Variational Cellular Meth-
od calculations. The arrow indicates the minimum of the VCM 
curve. 
Finally, the CO molecule in its ground state has 
paired spins in a molecular closed shell configuration 
(1a)2(2a)2(3a)2( 4a)2(lJr)4(5a)2. The free carbon and oxygen 
atoms in their lowest energy states are open shell sys-
tems in a 3p configuration. The molecule dissociates 
into two neutral atoms infinitely apart with Hartree-
Fock total ene.rgy - 224. 996 Ry. 27 
Figure 7 shows the behavior of the cellular binding 
energy of CO as a function of the interatomic distance. 
The curve is labeled as VCM and refers to a nonspin-
polarized calculation. MS-Xa results,9 obtained from 
a spin-polarized calculation, are also shown for com-
parison. The geometric cell parameters used in our 
calculations are (see Fig. 1): Xc = 2 a e , Xo = 2 ao, and 
p =2(aeao)1/2. The parameters ae and ao are propor-
tional to the covalent radii of carbon and oxygen, re-
spectively.35 ae +ao is the interatomic distance. The 
basis sets used had nine degrees of freedom, evenly 
distributed among the three cells. Only for the 4a level 
we used basis with 11 degrees of freedom. 18 
The VCM curve of CO exhibits a minimum at R 
= 2.27 ao, very close to the experimental bond length, 
2. 13 ao. 36 This minimum pOint corresponds to a bind-
ing energy of 12.9 eV, quite comparable to the experi-
mental dissociation energy, 11.2 eV. 36 The MS-NMT 
gives approximately half of the molecular binding ener-
gy. The bond length and dissociation energy of CO are 
also shown in Table I. 
It is worth to bear in mind that the molecular ionic 
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2.4 2.6 2.8 3.0 
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FIG. 7. Binding energy (eV) of CO as a function of the inter-
atomic distance. MS-NMT and VCM have the same meaning 
as in Fig. 2. The arrow indicates the minimum of the VCM 
curve. 
ground state formed by removing one electron from the 
neutral molecule has unpaired spins in an open shell 
configuration. Since our results are spin restricted, 
the VCM binding energies reported can be improved 
still further by taking into account the spin-polarization 
effects in the calculations. 
IV. IONIZATION SPECTRA 
In this section we present the theoretical results for 
the ionization energies of R2, C2, N2, Fa, and CO mole-
TABLE II. Comparison of the theoretical and experimental 
ionization energies of the ground state of N2. R is the inter-
atomic distance. All energies are in eV units. 
VCMb MS· RHFd 
Orbital Expt. a R=2.10ao R=2. 068a o R =2. 068 ao lSM· 
1u" .. 409.9 404.8 407.6 426.7 407.6 
2u, 37.3 30.3 31. 5 40.1 39.6 
3u, 15.5 13.0 14.1 17.3 15.7 
2u. 18.6 18.6 18.3 21. 2 18.4 
1~. 16.8 16.7 18.2 16.8 16.7 
"Reference 37. 
bThis work. Ionization energies calculated according to the 
difference between total energies. 
"Reference 20. Calculated according to Slater transition-state 
concept. 
~eference 38. Calculated according to Koopman's theorem 
from orbital energies listed in Table IV therein. 
"Reference 14. Calculated according to Slater transition-state 
concept. 
TABLE III. Comparison of the theoretical and experimental 
ionization energies of the ground state of F 2• R is the inter-














aReference 37 . 
VCMb 



















~his work. Energies calculated through the difference between 
total energies. 
cReference 20. Energies calculated through Slater transition-
state concept. 
~eference 14. Energies calculated through Slater transition-
state concept. 
"Reference 39. 
cules, calculated as the difference between the total 
energies in the ground state and in the ionic state with 
one electron removed. It is worth mentioning that all 
the ionization spectra were calculated in the theoreti-
cal equilibrium position and with the same basiS sets 
used in the corresponding ground state computations. 
CO was the only case where the experimental bond 
length was assumed for the calculation in order to 
compare with the MS-XCI' results. 
In Table II we report the calculated ionization ener-
gies for the N2 molecule. This table also includes the 
results from ESCA37 experiments, the results of a MS-
XCI' 20 calculation, RHF38 results, and the results of the 
Intersecting Sphere Model. 14 In the MS-XCI' calcula-
tion the standard muffin-tin approximation for the mo-
lecular potential is assumed and the ionization energies 
are obtained through the Slater transition-state con-
cept. 19 The RHF values refer to the Restricted Hartree-
Fock results, obtained from an ab initio MO-LCAO-
SCF calculation, according to Koopman's theorem from 
orbital energies listed in Table IV of Ref. 38. The 
greatest discrepancy between the VCM and experimen-
tal values is 7 eV and corresponds to the lower valence 
state 20't'. The highest valence states 20'u and l7r. are 
very close to the experimental values. All the VCM, 
MS, and ISM methods predict that the highest occupied 
molecular level should have O't'symmetry, in agree-
ment with experiment, whereas the RHF method pre-
dicts that it would have 1T. symmetry. However, we 
have to keep in mind that the electron relaxation effects 
were neglected in the LCAO calculation. Furthermore, 
we could have improved the VCM description of the 
lower valence states by assuming for p the value 
l. 452 ao, which corresponds to the minimum value 
of the molecular total energy. 
The calculated ionization energies for the ground 
state of F 2 molecule are shown in Table III. It also 
includes experimental data,37 Multiple Scattering 
(MS),21 and Intersecting Spheres Model (ISM) re-
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sults. 14 We see from this table that the ordering of 
the levels predicted by all the presented methods is 
the same. The greatest difference between the VCM 
and experimental values is in the 30',. molecular level 
and corresponds to about 1. 5 eV; therefore, the re-
maining levels that can be compared with the available 
experimental data are all better described by the VCM 
method than by MS or ISM methods and lie within 
0.2 eV from experiment. 
In Table IV we list the VCM results of the ionization 
energies of the C2 molecule, along with the available 
experimental data and other methods of calculation. 
For C2 there is few information in the literature, as 
far as ionization energies are concerned. In Table IV 
HF refers to Hartree-Fock orbital energies40 and 
SCF-MO-CNOO refers to an application of the CNool 
BW theory to the study of ionization potential in mole-
cules. 41 7T. is the only quoted level in Ref. 41 for which 
there is an experimental information. It is seen that 
the VCM result for this level is the best one. 
For the H2 molecule, the VCM method predicts an 
ionization energy of 17.8 eV, against an experimental 
value of 15.98 eV42 and HF40 and SCF -MO-CNOO41 
predictions of 16.18 eV. 
Table V holds the ionization energies of the ground 
state of CO molecule. As stated at the beginning of 
this section, we chose the experimental bond length of 
CO for investigating its ionization spectrum. In addi-
tion, Table V also shows the results from ESCA37 ex-
periments and those of other theoretical methods of 
calculation. The VCM results compare rather well 
with experiment and predict the correct ordering of 
the molecular levels. Therefore, the core levels are 
upward shifted of - 9 eV, when compared to the MS21 
results. For the higher valence levels this shift is of 
approximately 1 eV. We could have further improved 
the VCM results of ionization energies for CO if we 
had taken in our investigations the calculated bond 
length, for which the molecule is more tightly bound. 
V. CONCLUSIONS 
From the results described in this paper we conclude 
that the Variational Cellular Method (VCM) is a precise 
TABLE IV. Comparison of the theoretical and experimental 
ionization energies of the ground state of C2• All energies are 
in eV. R is the interatomic distance. 
VCMb 
Orbital Expt. a R=2. 35ao HFc SCF-MO-CNW 
1uM',. 
2uM' 21. 86 28.42 
2u. 11. 92 15.63 
11Tu 12.0 12.18 12.46 12.22 
aAs quoted by Ref. 40. 




TABLE V. Comparison of the theoretical and experimental 
ionization energies of the ground state of CO. R is the inter-
atomic distance. All energies are in eV units. 
VCMb MS· 
Orbital Expt. • R =2.132 ao R =2. 132 ao MO-LCAO-SCF" 
1!T 542.1 543.7 551. 0 562.2 
2!T 295.9 302.1 305.3 309. 1 
3!T 38.3 31. 7 33.2 41. 4 
4!T 20.1 18.0 19. 1 21. 9 
17r 17.2 17.4 18.5 17.4 
5!T 14.5 12.2 13. 1 15.1 
"Reference 37. 
I>rhis work. Ere rgies calculated through the difference between 
total energies. 
"Reference 21. Energies calculated through the transition-state 
concept. 
~eference 43. 
and fast method to calculate ionization energies and 
potential curves of diatomic molecules. No essential 
difficulties are anticipated as the method is generalized 
to larger systems. 
In this work we did not make any conSideration about 
the problem of establishing the net of pOints and their 
weight which would permit precise evaluation of the 
integrals on the cell surfaces. It has bee n already 
proved2 that these investigations do not need special 
care. VCM is also variational with respect to the 
number of points and their location at cell surfaces 
to perform the integrations. This is the main reason 
why the VCM is as fast as the standard multiple-
scattering Xa method. Furthermore, as it has been 
pointed out by Slater13 some years ago, the cellular 
method can provide results as accurate as or more than 
those obtained by Danese, 9 without loss of computer 
speed. 
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